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This paper reexamines the question of vacuum decay in theories of quantum gravity. In particular it
suggests that decay into stable flat or AdS vacua, never occurs. Instead, vacuum decay occurs, if at all, into
a cosmological spacetime. If the latter has negative cosmological constant, it generically undergoes a Big
Crunch, which suggests that the whole picture is inconsistent. The question of decay of de Sitter space must
be very carefully dened.
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The possibility that we are living in a false vacuum has never been a cheering one to contemplate.
Vacuum decay is the ultimate ecological catastrophe; in a new vacuum there are new constants of nature;
after vacuum decay, not only is life as we know it impossible, so is chemistry as we know it. However, one
could always draw stoic comfort from the possibility that perhaps in the course of time the new vacuum would
sustain, if not life as we know it, at least some structures capable of knowing joy. This possibility has now
been eliminated. S. Coleman, F. De Luccia,1980
In a series of beautiful papers written in the 1970s and 80s, Coleman, with Callan and DeLuccia cdl
applied the instanton methods invented for dealing with semiclassical decay in statistical mechanicslanger
and multivariable quantum mechanicsbbwlipsaclay to the decay of a metastable vacuum state in quantum
eld theory. The present work, which takes part of its name from the last paper in this series, is meant as a
critical examination of what these results might mean in a full fledged theory of quantum gravity.
It is important to recognize the historical context in which the Coleman DeLuccia paper was written.
Quantum and statistical mechanics, including quantum eld theory, primarily deal with isolated subsystems
of the universe. The Poincare invariant vacuum state of quantum eld theory, is a ction, representing our
conviction that spacetime is locally approximately flat and that the phenomena we are investigating are not
terribly aected by the global structure of the universe. Coleman and DeLuccia realized that this could not be
true of a truly cosmological application of the idea of false vacuum decayI use the word cosmological to mean
a discussion of the state of the entire universe. In much of the literature on inflationary cosmology, the part
of the universe that we see is considered to be only a small subsystem of a much larger metauniverse. I will be
cautious, and express reservations about whether or not the current discussion applies to the use of vacuum
decay calculations in an inflationary context. The question cannot be answered without understanding the
global structure of inflationary cosmology. It is inextricably intertwined with the discussion of whether there
had to be a pre-inflationary state, or some kind of self-reproducing structure. I will attempt to show that
their results, and extensions of them constructed here, suggest that vacuum decay does not occur in many
situations in quantum gravity. In many situations in which it may occur, I will argue that it cannot be
thought of as the decay of one maximally symmetric spacetime into another.
Much of what I have to say is simply reemphasis and reinterpretation of the results of Coleman and
DeLuccia. Those authors emphasized the use of the thin wall approximation to vacuum decay, because it gave
very explicit and calculable expressions for decay amplitudes. This approximation is however misleading in
one important respect. It neglects the variation in the scalar eld (or elds) in most of spacetime and replaces
it by a discontinuous jump between constant values. This is sometimes a good numerical approximation for
the decay amplitude, but it gives the mistaken impression that the spacetime, both in and outside of the
bubble, is well approximated by a maximally symmetric spacetime. Coleman and DeLucia did not say this,
and in fact, emphasize that in the case of decay into a spacetime with negative cosmological constant one
producing structure. .
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rarely gets AdS space, but rather a Big Crunch spacetime. The actual result of this calculation has been
ignored in most later discussions of the vacuum decay phenomenonThis is despite the fact that it was the
occasion for one of the most amusing pieces of rhetoric in the Coleman canon.
The rst conceptual point that I want to make about vacuum decay is an elementary one. The idea of
decay of a metastable state, presupposes the existence of a stable one, of which the metastable state is an
excitation. In most (formal and informal) discussions of vacuum decay one supposes this to be the maximally
symmetric spacetime that is found inside the bubble in the thin wall approximation. In the next section
I will argue that the actual results of Coleman and DeLuccia, as well as elementary considerations about
the formation of the metastable state starting from a maximally symmetric stable vacuum, give the lie to
this supposition. Vacuuum decay occurs, if at all, into open F(riedmann)-R(obertson)-W(alker) cosmologies,
whose global geometry is very dierent from that of a maximally symmetric spacetime. The Big Crunch
singularity of the CDL solution is, I believe, an argument that decays into spaces of negative cosmological
constant do not occur in consistent theories of quantum gravity.
Section 3 is devoted to the decay of dS spacetimes. If dS spacetime can really be thought of as arising
from a quantum theory with a xed nite number of statestbfollywilly then the idea that it could decay into
any sort of open universe violates the rules of quantum mechanics. What is really at issue is the question of
whether some open universe model (with an innite number of states) could contain a metastable subset of
states which has observables similar to those in a dS universe. Similarly, we could ask whether the quantum
theory of a dS space with one value of the cosmological constant, might contain a factor space of states
which behaved for some time like a dS space of larger cosmological constant. There are thorny conceptual
problems to be solved here, as well as technical problems with the denition of the instanton solutions,
which might represent the decay. I will address these questions, and the reader must judge whether I have
resolved them. The picture I have been led to suggests that dS to dS transitions may occur in a thermal
manner. The interpretation of the relevant instanton is highly observer dependent, and various measurement
theory issues must be dealt with. Decays of dS space into an open, matter dominated FRW universe with
vanishing cosmological constant may also occur, if one can establish a consistent theory of gravity in the
FRW background. This would require an understanding of the Big Bang singularity. For some values of
parameters in the Lagrangian, even transitions to negative cosmological constant Big Crunch universes might
make sense. For these parameter values, entropy bounds do not make the assumed transition paradoxical.
I should emphasize that none of these considerations prove that dS decay really occurs. They simply show
that there is nothing in the semiclassical arguments nor in general principles like holography and unitarity
that would prevent them from occurring. To really demonstrate the existence of these transitions, one must
construct the quantum theory of the putative stable ground state to which the dS space decays.
In section 4 I will argue that the results of this paper apply also to the membrane nucleation process
discussed by Brown and Teitelboimbt, which has been used as a mechanism for relaxing the cosmological
constantrelax.
In the Conclusions I will discuss what these results mean for various concepts in string theory, in
particular the notion of an eective potential. I wish however to pause here to make clear the spirit in which
this paper was written. Despite years of work, we still do not have a clear and complete nonperturbative
denition of a quantum theory of gravity. Matrix Theorybfss and AdS/CFTmaldagkpw give us denitions
in certain restricted circumstances. The former, dened in light cone gauge, is not suitable for the discussion
of vacuum decay. Its very formulation presumes the existence of null Killing vectors that do not exist in the
spacetimes into which flat space is hypothesized to decay. While this by itself may be suggestive , it is hard
to argue that the problem is with vacuum decay rather than with the light cone formalism.
I will use some AdS/CFT wisdom to throw light on the problem of vacuum decay, but for the most
part my arguments will be, in the spirit of CDL, reliant on properties of classical G(eneral) R(elativity).
Fischler and I have argued elsewheretbf that this may be one of our most reliable guides to the structure of
the quantum theory.
Finally, I would like to note that, as is the case for most Hollywood sequels, the director of the original
has long since severed all connection with the projectHe won’t even collect residuals. As a consequence,
although the present paper may contain some grains of truth that were missed by CDL, it is sure to be less
the Coleman canon. .
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entertaining. The present author can only apologize to his readers for this, and urge them to go back and
really read the work of the Old Master.
The real Coleman and De Luccia
I will begin by summarizing the work of Coleman and collaborators. However, it is convenient to rst
place it in a modern context. In the 70s and early 80s, Higgs elds were the paradigm for the scalars which
occur in vacuum decay, and one was careful to try to work in situations where gravitational corrections to
local physics were irrelevant. Thus, it is assumed, and supposedly self consistently veried, that gravitational
corrections to instanton amplitudes are small, and gravitational eects only become important for the large
classical bubbles which result from the decay.
In the modern context, the most likely candidate scalars are moduli fields. Thus, we imagine a com-
pactication of M-theory to d  4 noncompactFor the moment, we will include dS space under this rubric,
though its spatial sections and Euclidean continuation are compact. We will soon see that this is very im-
portant.imensions, and study the eective eld equations of approximate modulitbcosmo. Since it makes
no dierence to most of our considerations, we will take d = 4 for notational simplicity. This requires us
to be in a region of moduli space where \SUSY is broken by a small amount ". It is not at all clear to
me in what situations it makes sense to use the phrase in quotes. To x ideas, imagine a scenario in which
some combination of asymmetric orbifolding, flux stabilization and/or timelike linear dilatons in supercritical
string theory have convinced us that it makes sense to write down an eective potential for \approximate
moduli", with metastable minima. Generically, we will get a Lagrangian of the form:
equation- M2P
p−gR− 12Gij(φ/MP )rφirφj −M4V(φ/MP )lag
is is very important. d
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